Ferritin concentrates iron as a hydrous ferric oxide in a protein cavity (8 nm in diameter) by using eight pores along the threefold symmetry axes of the octahedral supramolecular structure. 
F
erritin, the intracellular protein that concentrates up to 4,500 iron atoms as Fe 2 O 3 ⅐H 2 O, self-assembles from 24 subunits into a hollow protein (usually 12 nm in diameter with an 8-nm-diameter cavity) with octahedral symmetry (rotational point group symmetry O, Fig. 1 ). Ferritin concentrates iron 100 billion times above the solubility of ferric ion in a nontoxic, accessible form (1, 2) . The subunits, four ␣-helix bundles, contain a catalytic center that converts two Fe(II) atoms to an Fe(III)-oxo bridged dimer intermediate in mineralization (Fig.  1) . In vertebrates, a subunit (L) with an inactive catalytic center coassembles with the catalytically active subunits (H) with tissue-specific H͞L ratios (3, 4) to modulate rapid H subunit iron uptake; this has the cost of peroxide production (2, (5) (6) (7) . In addition to concentrating iron, ferritin plays an important role in scavenging intracellular iron to modulate the cellular labile iron pool (8) . The primary route of iron transit into and out of the protein is through eight hydrophilic pores in the protein shell, which lead to the ferroxidase site (1.0 to 1.5 nm away) and from the ferric oxide nanoparticle (2 nm away). Clusters of glutamate residues located at the subunit dimer interfaces on the ferritin cavity nucleate the mineral (Fig. 1) . When catalytic sites are few (low H͞L ratio) some iron oxidation also occurs at the surface of the growing iron mineral.
Several iron-binding sites have been identified by a combination of protein crystallography, ion competition, and mutagenesis. Three categories of iron sites can be defined according to function (1) : (i) pore residues § (Asp-127, Glu-130, Cys-126, ¶ His-114, Leu-110 and -134, and Arg-72 ͞Asp-122) (9-18); (ii) protein-catalyzed iron oxidation (Glu-23, Glu-57, Glu-58, His-61, Glu-103, Gln-137, and Asp-140) (4, (19) (20) (21) (22) (23) ; and (iii) Fe(III) nucleation͞chelation in the interior surface of the protein cavity (Glu-56, Glu-57, Glu-60, and Glu-63 in H subunits and Glu-53, Glu-56, Glu-57, Glu-60, and Glu-63 in L subunits) (24, 25) .
The extent of ligand exchange that occurs during iron entry into the protein is unknown. However, it is clear from the crystal structure of ferritin that the threefold pores are too narrow (3) (4) Å to accommodate [Fe(H 2 O) 6 ] 2ϩ without ligand exchange or a conformational change of the protein to widen the pores (26) . Evidence of at least momentary larger pore size is shown by the diffusion of large molecules in and out of the ferritin cavity, exemplified by sugars as large as 13 Å (27), iron chelators (28, 29) , spin probes (28) , and large iron complexes (up to 13 Å) (28, 29) . Evidence for protein flexibility is the observation of alternate side chain conformations during ferritin crystallization (3) and localized pore unfolding with preservation of global folding and supramolecular assembly (17, 18) . Microscopy studies indicate that short lived holes in ferritin of 2.0-3.0 nm might occur by dynamic dissociation͞association of subunits (ref. 30 ; Fig. 1 at pH 7 the TREN ligand cannot be exchanged, which leaves only two labile water͞hydroxyl for substitution with protein residues. The results of these studies indicate that Cr(TREN) binds to ferritin and inhibits both ferrous oxidation and mineralization, indicating that two exchangeable ligands are sufficient for metal ion binding to ferritin. Cr(TREN) binding affinities and stoichiometries are in the range 50-250 M, whether active ferroxidase or iron nucleation͞chelation sites are present, but ferritins without nucleation sites are much more sensitive to Cr(TREN) inhibition, suggesting that the active Fe site protects against Cr(TREN) inhibition. Ferritins with unfolded entry pores bind Cr(TREN) with significantly higher affinity and stoichiometry, indicating that the main effect of Cr(TREN) is to decrease (in the more rigid ferritins) or completely block (in the more flexible proteins) iron entry through the eight pores along the ferritin cluster threefold symmetry axes.
Experimental Methods
General. All starting materials were purchased from Sigma, Aldrich, Bio-Rad, or Strem Chemicals and were used without further purification, unless otherwise specified. The water was purified to 18 M⍀ (reverse osmosis-charcoal demineralizationMillipore). Apoferritin concentrations, determined by the Bradford method [BSA standard (31) Binding of Cr(TREN) to apoferritins was monitored through the change in the UV͞Vis spectrum of the Cr(TREN) with increasing Cr(TREN):protein ratio (Fig. 2) . A shift in the main Cr(TREN) absorbance peak from 534 nm to 510 nm and extinction coefficient increase from 69 to 95 was observed on protein binding, along with a shift in a smaller absorbance peak from 394 nm to 380 nm and an extinction coefficient decrease from 58 to 39. Two isosbestic points, indicating the conversion Space-filling models were prepared using CAChe; metal ligand bond distances used during minimization are from crystal structures for Fe(II) (49, 50) and similar Cr(III)TREN compounds (51). of free Cr(TREN) to ferritin-bound Cr(TREN), were observed in the range 440-460 and 540-550 nm. The energy of the d-d transition in the Cr(TREN)-ferritin complex is consistent with retention of the TREN backbone and substitution of coordinated water by protein side chains such as carboxylate or sulfur, but not histidine (32) (33) (34) (35) .
Cr(TREN) Binding to Ferritin Decreases the Protein Electrophoretic
Mobility. Formation of a Cr(TREN)-apoferritin complex changed the protein mobility in nondenaturing gels (6% polyacrylamide). (The types of protein studied are described in Table  1 , which is published as supporting information on the PNAS web site.) When Cr(TREN):protein increased, the mobility decreased proportionately, up to three Cr(TREN) per subunit [72 Cr(TREN)] bound per protein.
Increased mass and size would only account for minor changes in electrophoretic mobility. The negative charge of the protein is diminished when Cr(TREN) binds, because Cr(TREN) is a dication, ʈ and can mask resident charges in the protein. The pI values of the ferritin-Cr(TREN) complexes, analyzed by isoelectric focusing, increased linearly with the equivalents of Cr(TREN) binding (correlation coefficient for rH-L134P mobility shifts, for example, was 0.98), showing that masking of the negative charge accounts for most of the change in mobility of ferritin in the Cr(TREN) complex.
Stoichiometry and Stability of the Cr(TREN)-Ferritin Complex.
To determine the effect of Cr(TREN) binding in ferritin function, four recombinant ferritins (rH, rH-L134P, rL, and rL-E2) varying in pore structure, oxidation sites, and nucleation sites were used in these studies. (The properties of these different ferritins are listed in Table 1 .) In addition, the effect of mixed subunits in chromium binding was studied in native horse spleen ferritin, which has an approximate H 4 L 20 subunit ratio. The threefold pores are disorganized in rH-L134P ( Fig. 1; ref. 17 ) but are well ordered in the parent protein (rH) as well as in the other ferritins tested (HoSF, rL, and rL-E2). The nucleation͞chelation sites on the inner protein surface are altered in the mutant ferritin rL-E2 (four conserved glutamates have been replaced with alanine residues (3), but are intact in the parent protein (rL) as well as in the remaining three ferritins tested (rH, rH-L134P, and HoSF). Finally, the ferroxidase sites are present in three of the ferritins examined (rH, rH-L134P, and 16% of the HoSF subunits), but are absent in the L-type proteins (rL and rL-E2).
The measured rate of dissociation of bound Cr(TREN) from Cr(TREN)-HoSF is 4.1 ϫ 10
and is expected to be within the same order of magnitude for the other proteins. This slow dissociation permitted the separation of unbound Cr(TREN) from the ferritin-Cr(TREN) mixture by dialysis and then measurement of the amount of Cr(TREN) bound to each ferritin. Binding constants were determined after dialysis for the five Cr(TREN)-ferritin complexes, using 2.1 M solutions of ferritin and Cr(TREN) concentrations ranging from 0 to 1.5 mM (720 per molecule).
The number of Cr(TREN)-binding sites on ferritin ranged from Ϸ2.0 to 2.8 among the various ferritins (Fig. 3) . No significant difference in binding was observed between recombinant frog ferritins with active ferroxidase and nucleation sites (rH), ferritins lacking ferroxidase sites (rL), or ferritins lacking both ferroxidase and nucleation sites (rL-E2) ( Table 1) . Importantly, ferritins with locally disordered helices around the threefold axis pores (rH-L134P) bound significantly more Cr(TREN) and with a much greater affinity (5-fold) than the parent protein, rH. The native ferritin from horse spleen (HoSF) bound almost as much Cr(TREN) as the protein with flexible entry pores, rH-L134P.
Stability constants for Cr(TREN) binding to the proteins varied from 50 to 250 M among the five proteins, with the most stable Cr(TREN)-ferritin complexes formed in rH-L134P and HoSF. In all cases, the data were fitted to a single type of binding site (Fig. 3) ; however, in the case of HoSF, an improved fit to the data was obtained when using a two-site model [with an overall stoichiometry of 72 Cr(TREN) per subunit]. Whereas good fits to the data could be obtained for HoSF and rH-L134P, much poorer fits were obtained for the rH, rL, and rL-E2 proteins, because these data were noisier and there were not enough data points in the near saturation part of the curve as a result of the weaker affinity for Cr(TREN).
Cr(TREN) Binding Inhibits both Iron Oxidation and Iron Mineralization.
To determine whether Cr(TREN) bound to a site(s) required for ferritin function, the effect of Cr(TREN) binding on oxidation and mineralization was examined in Cr(TREN)-ferritins. Iron oxidation was analyzed on Cr(TREN)-ferritins immediately following the addition of ferrous ion to the protein, and was only examined in ferritins containing H subunits (rH, rH-L134P, and HoSF); the L-type ferritins rL and rL-E2 were not assayed because their rates of oxidation are too slow to distinguish from iron autooxidation outside the protein shell. The effect of Cr(TREN) on iron mineralization was analyzed in all Cr(TREN)-ferritin complexes 2 h after Fe(II) addition. The percentage of Cr(TREN) lost during the oxidation and mineralization experiments was negligible (0.05% and 3%, respectively).
Oxidation of iron was inhibited by Cr(TREN) binding in the three ferritin proteins tested (Fig. 4) . Rates of oxidation were compared using measurements of the absorbance at 350 nm of ferric-oxo complexes and mineral. This assay could be used whether or not the H-subunit-specific, blue diferric peroxo complex formed. In horse spleen ferritin, where the contribution Text) The number of data sets averaged (and of different protein preparations used): rH-L134P ϭ 4 (2); rH ϭ 2 (1); HoSF ϭ 4 (2); rL ϭ 2 (2), E2 ϭ 2 (1); rH-L134PϩFe ϭ 1; HoSFϩFe ϭ 2 (1) (see Table 1 ).
of H-subunits (H͞L Ϸ 1:5) is small, oxidation cannot be monitored by changes in the absorbance at 650 nm.
In contrast to the ease of monitoring effects of Cr(TREN) on function of rH ferritins at low Fe͞protein ratios (2 per subunit or 48 per molecule), higher Fe͞protein ratios had to be used for the L-rich HoSF (5.2 Fe per subunit or 125 per protein) to achieve rates readily analyzed, but the stoichiometries of Cr(TREN) inhibition were comparable.** [The inhibition of iron oxidation by Cr(TREN) for different types of ferritin is shown in Table 1 . When the Fe per subunit increases above Ϸ0.5 oxidation in HoSF, in contrast to H-ferritins, oxidation shifts from sites on the protein to sites on the mineral itself (36) (37) (38) Mineralization of iron was measured in all five ferritinCr(TREN) complexes (rH, rH-L134P, HoSF, rL, and rL-E2) 2 h after the addition of Fe 2ϩ . Unincorporated iron was separated from the ferritins by using native polyacrylamide gels. The ferritin mineral was stained by the formation of Prussian blue (ferriferrocyanide) in gels soaked in acidic solutions of potassium ferrocyanide. Differences in the amount of Prussian blue per protein were quantitated by densitometry of the stained gels. Iron mineralization was inhibited in all proteins tested (Fig. 5) . However, the sensitivity to Cr(TREN) stoichiometry varied significantly among the five ferritins, and correlated with the number of functional iron-binding sites present per protein (see Supporting Text). The ferritin rL-E2, lacking ferroxidase sites and with altered nucleation sites (substitution of four COOH side chains by four CH 3 side chains), was the most sensitive to Cr(TREN) inhibition, requiring less than one bound Cr(TREN) per subunit (Ϸ21 Cr per protein) for 50% inhibition of iron mineralization. Ferritins containing functional iron nucleation sites (rL and HoSF) required twice as much bound Cr(TREN) to reduce iron mineralization by 50% (Ϸ42 Cr per protein). Finally, ferritins containing functional ferroxidase sites and nucleation sites (rH and rH-L134P) required approximately three times as much bound Cr(TREN) as rL-E2 to achieve 50% inhibition of Fe(III) mineralization (Ϸ60 Cr(TREN) per protein). Although 17% of the subunits in HoSF have functional ferroxidase sites, the protein's sensitivity to 50% inhibition of Fe (III) mineralization by Cr(TREN) is more similar to rL than to rH, presumably because of its higher L subunit content (L͞H Ϸ 5:1).
Greater than 90% inhibition of Fe(III) mineralization was reached in rL-E2 with only Ϸ26 bound Cr(TREN) per protein.
The structure of rL-E2 is very similar to rL, except at the sites of COOH͞CH 3 substitution (3), and Cr(TREN) binding to rL-E2 and rL is also very similar (Fig. 3) . This result highlights the importance of functional nucleation sites in facilitating Fe(III) core formation of ferritin, and suggests that, as long as Fe(II) entry into **The lower % inhibition observed for Cr(TREN)-HoSF at higher Fe(II) concentrations (5-125 Fe per subunit or 120 -3,000 Fe per protein; Figure 4 , Table 1 ) may reflect some iron autooxidation reactions outside the protein shell, particularly at high Cr(TREN) stoichiometries of binding. For example, the initial rates of Fe(II) oxidation in HoSF modified with 2.2-2.7 Cr per subunit were comparable to the rates measured for Fe(II) auto-oxidation in the absence of protein (Ϸ20% of the rate of HoSF). Furthermore, at low Fe(II) concentrations (48 Fe per protein), the initial rate of Fe oxidation in HoSF was inhibited by Ͼ95% on binding of two Cr(TREN) per subunit, when autooxidation was insignificant. This result suggests that CrTREN inhibits Fe(II) oxidation in HoSF Ͼ95% at Ͼ2 CrTREN per subunit, and that the % inhibition for 1 Cr per subunit is probably greater than the 67% shown in Fig. 3 and Table 1 . 
Discussion
Several of the iron-binding sites in ferritin share functional properties with sites in other metal-protein complexes, whereas others are unique to ferritin. Unique sites are the cluster of carboxylate side chains that nucleate the mineral at the interface of two subunits on the inner protein surface͞cavity surface and iron-binding sites on the mineral surface. Ferritin sites shared with channel͞pore proteins are those for iron ion entry and transport to the mineral core. Ferritin catalytic oxidation sites are shared with a number of non-heme iron oxidases, such as methane monoxygenase, ribonucleotide reductase, and ⌬9-(41-43) and oxygenases (44) (45) (46) (47) . Properties of the Cr(TREN)-ferritin complex indicate that Cr(TREN) binds to carboxylate residues on the surface of the ferritin protein, close to the trigonally symmetric entry pores formed by sets of three subunits: First, the electrophoretic mobility of the Cr(TREN)-ferritin complex changes. Second the UV-vis spectrum (Fig. 2) suggests Cr(TREN) binding to carboxylate or thiolate protein ligands, known to be invariant in ferritin pores and oriented to form a negatively charged path for directing Fe(II) toward the three symmetry-related Glu-130, Glu-130Ј, and Glu-130Љ residues that are buried along the pores (Fig. 1) . Conservative substitutions of residues along the threefold axes (Asp-127 and Glu-131) dramatically reduce iron uptake or oxidation (44) (45) (46) (47) while substitutions surrounding the pore, such as Leu-134, His-114, His-124, Cys-86, Cys-98, and Cys-126, have small effects on iron mineralization (14, 17 Formation of the Cr(TREN)-ferritin complex occurs with five different types of ferritin that vary in number of internal functional iron sites but share the number of iron entry or pore sites ( Table 1 ). The stoichiometry of Cr(TREN) binding did not vary significantly between proteins containing both ferroxidase and nucleation sites (rH), nucleation sites only (rL), or ferritins lacking both ferroxidase and nucleation sites (rL-E2). Because Cr(TREN) inhibits oxidation of Fe(II) by ferritin (Fig. 4 and Supporting Text) in H-type ferritins rH and rH-L134P (where the reaction is exclusively at the ferroxidase site) and in HoSF (where the reaction occurs on the mineral as well as at the protein ferroxidase site), Cr(TREN) must block a step common to both oxidation pathways.
Cr(TREN) binding inhibited iron mineralization in ferritin even when no active ferroxidase sites were present ( Fig. 5; rL and rL-E2 ) and the protein participated only in entry͞translocation and nucleation͞chelation. Moreover, Cr(TREN) inhibited mineralization in rL-E2 [the nucleation͞chelation site mutant with only the Fe entry͞translocation sites functional (3)]. Almost complete inhibition of mineralization occurred in rL-E2 at a stoichiometry of 1.1 Cr(TREN) per subunit. However, significantly more Cr(TREN) was required to block mineralization in the parent protein rL, and more still was needed to block mineralization in rH than rL. Thus, although ferroxidase and nucleations sites change the stoichiometry of Cr(TREN) needed to inhibit mineralization, the decrease in Fe(III) mineralization observed in all proteins must result from a decreased flux of iron into the protein cavity.
Protein-dependent variations in Cr(TREN) binding itself were generally small. Nevertheless, the localized disorder of the polypeptide background around the pores in H-L134P (17) , which should facilitate solute access to protein residues, coincided with the highest Cr(TREN) affinity (Fig. 1) . The ferroxidase activity in rH-L134P was competitively blocked on binding of two Cr(TREN) per subunit, and the threefold pores were obstructed on binding of an additional equivalent of Cr(TREN), with iron mineralization inhibited by (90%). HoSF, a natural mixture of H and L subunits, behaved more like rH-L134P than to either rH or rL, suggesting that mixture of subunits creates pores more flexible than recombinant proteins of all one subunit type.
The success of the design of Cr(TREN) as a ferrous ion analog͞ inhibitor is shown by Fe sites blocked by Cr(TREN), and the relative mineralization sensitivity of ferritins with different numbers of iron-binding sites. Although there is some other evidence of binding at another site (C.M.B., S. Petoud, S. M. Cohen, and K.N.R., unpublished data), comparison of Cr(TREN) interactions between sets of wild-type and mutant proteins reinforces the conclusion that Cr(TREN) binds at the surface of the three proteins surrounding the threefold axis pores, obstructing Fe(II) entry; mineralization was inhibited in all five ferritins tested, regardless of the combinations of oxidation sites and nucleation͞ chelation sites present (Fig. 5) . Only interference with an ironbinding site very early in the mineralization process would have such an effect. Because the Cr(TREN) inhibitor has four of the six octahedral coordination sites blocked by an exchange-inert tetraamine ligand, the remaining two sites, which are occupied by OH Ϫ ͞H 2 O groups, become irreversibly displaced by donor carboxylate͞thiolate groups of the ferritin. As a consequence of Cr(TREN)-ferritin binding, ferrous ion uptake through the pore of the protein appears to be completely blocked at saturating concentrations of Cr(TREN). Ferritins (2 M) were preincubated with Cr(TREN) (0 -2.5 mM) for 24 h at 25°C, Fe(II) was added {500 Fe(II) per protein, [Fe] ϭ 1 mM}, and after 2 h incubation, unmineralized Fe was separated from the protein by electrophoresis in native polyacrylamide gels (6%). Mineralization was monitored as the density of Prussian blue formed in protein bands after soaking acidic solutions of potassium ferrocyanide. For each protein, the amount of iron mineralization is shown relative to the iron cores formed in the absence of Cr(TREN). The average of multiple experiments is shown; there was little variation observed in replicate experiments. The number of independent measurements for each type of protein is indicated, with the number of independent protein preparations shown in parenthesis: rH ϭ 3 (1), rH L134P ϭ 4 (3), HoSF ϭ 4 (2), rL ϭ 2 (2), E2 ϭ 2 (1).
